Adult female prairie (Microtus ochrogaster) and meadow (M. pennsylvanicus) voles were compared to examine neural cell proliferation and the effects of estrogen manipulation on cell proliferation in the amygdala, ventromedial hypothalamus (VMH), and dentate gyrus of the hippocampus (DG). Unlike prior studies, our study focused on the amygdala and VMH, because they are involved in social behaviors and may underlie behavioral differences between the species. Meadow voles had a higher density of cells labeled with the cell proliferation marker 5-bromo-2Ј-deoxyuridine (BrdU) in the amygdala and DG than did prairie voles. Treatment with estradiol benzoate (EB) for 3 days increased the density of BrdU-labeled cells in the amygdala, particularly in the posterior cortical (pCorA) and medial (pMeA) nuclei, in meadow, but not prairie, voles. Furthermore, the majority of the BrdUlabeled cells in the pCorA and pMeA displayed either a neuronal or a glial progenitor phenotype, but no species or treatment differences were found in the percentage of neuronal or glial progenitor cells. To understand better estrogen's effects on adult neurogenesis, we also examined estrogen receptor-␣ (ER␣) distribution. Meadow voles had more ER␣-labeled cells in the pCorA and VMH, but not in the pMeA or DG, than did prairie voles. In addition, more than one-half of the BrdU-labeled cells in the amygdala of both species coexpressed ER␣ labeling. Together, these data indicate that estrogen alters cell proliferation in a species-and region-specific manner, and some of these effects may lie in the specific localization of estrogen receptors in the adult vole brain.
In adult mammals, newly proliferated cells have been found in the dentate gyrus of the hippocampus (DG) and subventricular zone (SVZ) of almost all species examined, including rats (Kaplan and Hinds, 1977; Peretto et al., 1999; Tanapat et al., 1999) , mice (Kempermann et al., 1997; Shingo et al., 2003) , hamsters (Huang et al., 1998) , voles (Fowler et al., 2002; Galea and McEwen, 1999; Smith et al., 2001) , nonhuman primates (Bedard et al., 2002; Gould et al., 1999a) , and humans (Curtis et al., 2003; Eriksson et al., 1998) . In some of these species, newly proliferated cells have also been identified in other forebrain regions, such as the striatum, septum, amygdala, neocortex, thalamus, and hypothalamus (Fowler et al., 2002; Gould et al., 1999b; Huang et al., 1998; Magavi et al., 2000; Nunes et al., 2003; Pencea et al., 2001 ). This widespread presence of new cells in varying regions of the adult brain has led researchers to investigate the mechanisms regulating new cell proliferation and survival Goldman, 1998) . Because hormones play an important role in brain development and functioning (Dohler et al., 1983; Gould et al., 1991; Mc-Ewen et al., 1997; Vom Saal, 1983) , several lines of research have begun to focus on the role of hormones. For example, in rats, corticosterone decreases the density of new cells in the DG (Cameron and Gould, 1994) , whereas, in mice, prolactin enhances the number of new cells in the SVZ (Shingo et al., 2003) . The gonadal steroid hormone estradiol also appears to be important. In the female rat DG, an increase in the proliferation of new cells occurs during proestrus, when estrogen reaches its highest level, and ovariectomy diminishes the number of new cells, whereas estradiol replacement transiently reverses this effect Tanapat et al., 1999) .
In most female mammals, serum estrogen levels fluctuate in accordance with an estrus cycle. In contrast, in voles-a group of microtine (Microtus) rodents-females are induced ovulators and exposure to a conspecific male results in increases in serum estrogen levels and estrogen receptor (ER) binding in the brain (Dluzen and Carter, 1979; Seabloom, 1985; Hnatczuk et al., 1994) . It is interesting to note that some vole species display remarkable differences in life strategy and social behaviors. For example, prairie voles (Microtus ochrogaster) have been characterized as monogamous and highly social; a male and female share a nest and form long-lasting partnerships, or pair bonds (Carter et al., 1986; Getz et al., 1987) . On the other hand, meadow voles (M. pennsylvanicus) are promiscuous and asocial; a male and female usually do not share a nest, nor do they form pair bonds (Lim et al., 2004; Madison, 1980) . [However, meadow voles can show plasticity in their social behaviors; nest sharing and selective partner preferences have been observed under some laboratory conditions (Parker et al., 2001; Storey et al., 1994) ]. These animals have provided an excellent comparative model for the study of brain organization, development, social behaviors, and underlying mechanisms of varying life strategies. For example, in comparison with monogamous voles, promiscuous voles develop more rapidly in their overall brain growth (Gutierrez et al., 1989) and in the development of specific central systems, such as brain-derived neurotrophic factor (Liu et al., 2001b) . Female meadow voles are induced to undergo behavioral estrus more rapidly after exposure to a conspecific male (Taylor et al., 1992) and appear to perform better in navigational mazes (Gaulin et al., 1990 ) compared with female prairie voles. Monogamous and promiscuous voles also differ in their neuropeptide systems, such as vasopressin and oxytocin (Insel and Shapiro, 1992; Wang et al., 1997b) , and such differences appear to underlie their ability to form and express pair bonding behavior (Insel and Hulihan, 1995; Liu et al., 2001a) .
Insofar as social environment may alter serum estrogen levels in voles, the effects of estrogen on cell proliferation could differ in species displaying alternate reproductive strategies. Indeed, attempts have been made to investigate the role of steroid hormones in adult neurogenesis in the vole brain. In the DG of meadow voles, enhanced cell survival, but not proliferation, occurs during periods of reproductive activity in males , whereas a decrease in cell proliferation is found during the breeding season in females, coincident with higher levels of corticosterone and estrogen (Galea and McEwen, 1999) . Testosterone or estradiol, but not dihydrotestosterone, increases cell proliferation in the amygdala, but not DG, of male meadow voles , and estradiol treatment transiently enhances cell proliferation in the DG of female meadow voles (Ormerod and Galea, 2001) . In female prairie voles, male exposure and mating enhance cell proliferation and survival in the amygdala and hypothalamus (Fowler et al., 2002) , and estradiol treatment increases cell proliferation in the SVZ (Smith et al., 2001) . Although these data establish a hormonal influence on adult neurogenesis and indicate that steroid hormones may have differential effects on neurogenesis in vole species with differing life strategies and social behaviors, variations in the experimental paradigms, procedures, and methods of cell labeling as well as in the aspects of the natural vs. laboratory environments have made direct comparisons between these studies/species impossible.
Therefore, the primary goal of the present study was to compare systematically the effects of estradiol on cell proliferation in female prairie and meadow voles. Unlike prior studies, our study focused on the amygdala and ventromedial hypothalamus (VMH), because these brain areas have been implicated in species-specific social behaviors (Cushing et al., 2004; Demas et al., 1997; Insel and Shapiro, 1992; Kirkpatrick et al., 1994; Wang et al., 1997a) , and cell proliferation in these brain areas can be influenced by manipulation of social environment, possibly resulting from altered circulating levels of estrogen, in female prairie voles (Fowler et al., 2002) . We also included the DG in our analysis so that our data may be compared with data from prior studies. Our secondary goal was to determine the localization of ER␣ in the brain of both species. In prairie voles, ERs have been identified in both the amygdala and the VMH, indicating that these brain regions may respond to estradiol actions (Cushing et al., 2004; Hnatczuk et al., 1994) . However, to date, the localization of ERs in other species of voles, including meadow voles, has not been examined. Therefore, to understand better estrogen's regulation of adult neurogenesis, we compared the distribution of ER␣ and examined newly proliferated cells in the amygdala and VMH for the presence of ER␣ in both species.
MATERIALS AND METHODS Subjects
Sexually naive adult female prairie (Microtus ochrogaster) and meadow (M. pennsylvanicus) voles that were offspring of the F4 generation of laboratory breeding colonies were used as subjects when they reached 4 -5 months of age. The prairie voles were derived from wildcaught animals from Illinois, whereas the meadow voles were derived from wild-caught animals from northwestern Pennsylvania and southwestern New York State. The voles were weaned at 21 days of age and housed in samesex sibling pairs in plastic cages (29 ϫ 18 ϫ 13 cm) containing cedar chip bedding. All cages were maintained under 14L:10D photoperiod, with lights on at 0700. Temperature was maintained at 21°C Ϯ 1°C, and subjects were provided ad libitum food (rabbit chow and sunflower seeds) and water.
Experimental design and manipulations
Study 1. Exposure to a male for 72 hours altered cell proliferation in the amygdala and hypothalamus of female prairie voles (Fowler et al., 2002) . Male exposure also induces an increase in circulating levels of estrogen (Dluzen and Carter, 1979) , so this hormone may play a role in influencing cell proliferation in female prairie voles. Therefore, the first study was designed to test this hypothesis. In addition, because prairie and meadow voles differ in life strategy and social behaviors, these species were both examined to determine whether estrogen's effects are species specific. Adult females were ovariectomized, followed by a recovery period of 2-3 weeks. Thereafter, they were randomly assigned to one of two treatment groups: implantation with empty Silastic tubing (10 mm long, 1.98 mm i.d., 3.18 mm o.d.; control, n ϭ 6 for each species) or tubing filled with estradiol benzoate (EB; Sigma, St. Louis, MO; n ϭ 6 for each species). After tubing implantation, subjects received a series of BrdU injections at 48 hours (see below) and were perfused at 72 hours. A radioimmunoassay was performed to confirm the efficacy of the EB implants by using the Coat-a-Count estradiol kit (Diagnostic Products Corp., Los Angeles, CA); this kit has been previously verified for use in voles . The sensitivity of the estradiol kit was 8 pg/ml, and the intra-and interassay coefficients of variation were both Ͻ5%. The mean plasma concentration of estradiol was higher for EB-treated voles (408.21 Ϯ 31.27 pg/ml) than for control voles with empty tubing (10.03 Ϯ 2.88 pg/ml). After perfusion of the subjects, brains were removed and examined for BrdU labeling and for BrdU, TuJ1, and NG2 fluorescence triple labeling.
Study 2. Estrogen may influence cell proliferation by acting on specific receptors in the brain. Although the presence of ERs has been reported for the prairie vole brain (Cushing et al., 2004; Hnatczuk et al., 1994) , no study to date has been conducted in meadow voles. It is also still unknown whether the two species differ in their distribution pattern and regional density of ERs, potentially indicating a differential brain responsiveness to estrogen. Therefore, the second study was designed to compare the distribution of ER␣ in the brains of prairie and meadow voles. In addition, we also investigated whether ER␣ was present on the newly proliferated cells in the amygdala and VMH of both species. Intact, untreated female prairie and meadow voles (n ϭ 6 for each species) received the series of 5-bromo-2Ј-deoxyuridine (BrdU) injections (see below) and were perfused, and their brains were examined for the presence of ER␣ immunostaining and for ER␣ with BrdU double labeling. All of this research was approved by Florida State University's Animal Care and Use Committee and conformed to NIH guidelines.
BrdU injections
To label proliferating cells, subjects were injected with the cell proliferation marker BrdU (Sigma) intraperitoneally (ip; 50 g/g body weight) in 0.9% NaCl and 0.007 N NaOH. All subjects received four injections of BrdU at 6-hour intervals and were sacrificed 6 hours after the last BrdU injection (Fowler et al., 2002) . For the subjects that received Silastic tubing implantation, BrdU injections began 48 hours following the tubing implantation.
Brain perfusion/fixation
All subjects were anesthetized with sodium pentobarbital (0.1 mg/10 g body weight). For study 1, subjects were perfused through the ascending aorta with 0.9% saline, followed by 4% paraformaldehyde in 0.1 M phosphate buffer solution (PBS; pH 7.4). Brains were harvested, postfixed for 2 hours in 4% paraformaldehyde, and then stored in 30% sucrose in PBS. For study 2, a more immediate and extensive tissue fixation was necessary for ER␣ immunoreactive staining (Cushing et al., 2004) . Therefore, subjects were perfused with 0.9% saline, followed by 3% acrolein and 4% paraformaldehyde in PBS. Brains were postfixed in 4% paraformaldehyde overnight and then stored in 30% sucrose in PBS. All brains then were cut into 40-m coronal sections on a microtome, and the floating sections were stored in 0.1 M PBS with 1% sodium azide at 4°C until processing for immunocytochemistry.
BrdU immunocytochemistry
Floating brain sections at 120-m intervals were processed for BrdU immunostaining as described previously (Fowler et al., 2002) . Briefly, sections were treated with 2 N HCl for 30 minutes at 60°C and then with 0.1 M borate buffer at room temperature for 25 minutes. After being rinsed in 0.1 M PBS, sections were incubated in 0.3% hydrogen peroxide and 10% methanol in 0.1 M PBS for 15 minutes, 0.5% Triton X-100 in 0.1 M PBS (0.5% PBT) with 10% normal goat serum for 60 minutes, and rat anti-BrdU monoclonal antibody (1:1,000; Accurate Chemical, Westbury, NY) in 0.5% PBT with 10% normal goat serum at 4°C overnight. This antibody detects BrdU incorporated into the DNA while cells are in S-phase of the cell cycle. Sections then were rinsed and incubated in biotinylated goat anti-rat IgG (1:200; Jackson Immunoresearch, West Grove, PA) in 0.5% PBT for 2 hours at room temperature. Thereafter, sections were incubated in ABC Elite (Vector, Burlingame, CA) in 0.1 M PBS for 90 minutes, and immunoreactivity was revealed by using 3Ј-diaminobenzidine (DAB; Sigma). To reduce variability in the background and to standardize the staining, sections from all subjects were processed concurrently. Controls included processing brain sections without the primary antibody and processing brain sections from animals that did not receive BrdU injections; in either case, BrdU immunoreactive staining was not detected.
ER␣ immunocytochemistry
To identify ER␣ immunoreactivity, an antibody directed against the last 14 amino acids of the rat ER␣ (C1355; Upstate, Lake Placid, NY) was used. The specificity of the C1355 ER␣ antibody has previously been verified by preabsorbtion with the peptide against which it was produced (Moffatt et al., 1998) and by immunoblot with rat ER␣-transfected Cos-1 cells (Schreihofer et al., 1999) . Furthermore, this antibody has been previously used to identify ER␣ in the vole brain (Cushing et al., 2004) . Floating brain sections at 120-m intervals were rinsed in PBS, incubated in sodium borohydride (0.1 g/10 ml of 0.1 M PBS), rinsed in PBS, blocked in 10% normal goat serum in 0.5% PBT, and then incubated in rabbit anti-ER␣ primary IgG (1:25,000) in 0.5% PBT for 1 hour at room temperature, 48 hours at 4°C, and overnight at room temperature. The sections then were rinsed in 0.1 M PBS and incubated in goat anti-rabbit secondary IgG (1:200; Jackson Immunoresearch) in 0.5% PBT for 2 hours and ABC complex in 0.5% PBT for 90 minutes, and staining was revealed with nickel-DAB. Sections were mounted on slides and coverslipped with Permount. As a control, additional brain sections were processed without the primary antibody, and specific labeling was not present. To reduce variability in the background and to standardize the staining, sections from all subjects were processed concurrently.
Double-or triple-fluorescence immunocytochemistry
For study 1, to determine the phenotype of the BrdUlabeled cells, we examined the amygdala regions in which estradiol treatment influenced BrdU labeling and the VMH as a control area. Floating sections at 120-m intervals were processed for BrdU, TuJ1, and NG2 fluorescence triple labeling. TuJ1, a mouse monoclonal IgG, recognizes a neuron-specific class III ␤-tubulin which is considered to be the earliest marker for cells that have begun to differentiate into neurons (Alexander et al., 1991; Kameda et al., 1993) . NG2, a polyclonal IgG, recognizes NG2, which is an integral membrane proteoglycan expressed on glial progenitor cells (Nishiyama et al., 1995) ; this proteoglycan has been identified in cells that mature into astrocytes (Fidler et al., 1999) , oligodendrocytes (Butt and Berry, 2000) , or microglia (Jones et al., 2002) . Both TuJ1 and NG2 have been used to identify the phenotypes of newly proliferated cells in the adult brain (Fowler et al., 2002; Shihabuddin et al., 2000) .
Sections were blocked with 10% normal donkey serum in 0.1% PBT and incubated in rabbit anti-NG2 (1:150; Chemicon, Temecula, CA) in 0.3% PBT at 4°C overnight. On day 2, the sections were rinsed and incubated in Cy5-conjugated donkey anti-rabbit IgG (1:100; Jackson Immunoresearch) in 0.3% PBT for 2 hours. Next, the sections were rinsed, blocked in 10% normal goat serum in 0.1% PBT, and incubated in mouse anti-TuJ1 (1:500; Covance, Berkeley, CA) at 4°C overnight. Thereafter, the sections were rinsed, incubated in Alexa-488-conjugated goat antimouse IgG (1:400; Molecular Probes, Eugene, OR) in 0.3% PBT for 2 hours, and then processed for BrdU immunocytochemistry by blocking in 10% normal donkey serum and incubating in rat anti-BrdU (1:200; Accurate Chemical) in 0.1% PBT at 4°C 36 hours and then Texas red-conjugated donkey anti-rat IgG (1:200; Jackson Immunoresearch) in 0.3% PBT for 2 hours at room temperature. Sections were rinsed, mounted on slides with SlowFade component A (Molecular Probes), and coverslipped. Controls included processing the secondary antibodies alone to verify background staining, processing each primary with the secondary antibodies to verify laser-specific excitation, and using sequential scans to avoid cross-talk among channels.
For study 2, BrdU and ER␣ double-fluorescence immunolabeling was performed. Floating brain sections were rinsed in 0.1% PBT, incubated in sodium borohydride (0.1 g/10 ml of 0.1 M PBS), and stained for BrdU fluorescence using rat anti-BrdU (1:200; Accurate Chemical) as the primary antibody and Texas red-conjugated donkey antirat IgG (1:200; Jackson Immunoresearch) as the second antibody, as described above. Thereafter, sections were rinsed, blocked in 10% normal donkey serum in 0.3% PBT, and then incubated in rabbit anti-ER␣ primary IgG (1: 250; Upstate) in 0.3% PBT overnight at room temperature. The sections were rinsed again and incubated in fluorescein isothiocyanate (FITC) donkey anti-rabbit secondary IgG (1:200; Jackson Immunoresearch) in 0.3% PBT for 2 hours. Finally, sections were rinsed, mounted on slides with SlowFade component A, and coverslipped. Controls included processing the secondary antibodies alone to verify background staining, processing each primary with the secondary antibodies to verify laser-specific excitation, and using sequential scans to avoid cross-talk between channels.
Data quantification and analysis
All slides were coded to disguise group identity. BrdUlabeled cells were examined and quantified bilaterally throughout the entire rostrocaudal extent of the DG (granule and hilus combined); central (CeA), medial (MeA), and cortical (CorA) subnuclei of the amygdala; and VMH on coronal sections. For the DG and amygdala, cell numbers and region volumes were quantified by using unbiased stereological methods and the optical fractionator probe with Stereo Investigator software (MicroBrightField, Inc., Williston, VT) on a Leica DMRB microscope. This method of assessing total volume and cell number has been validated and employed in many prior studies (see, e.g., Benner et al., 2004; Bothwell et al., 2001; Brown et al., 2003; Glaser and Glaser, 2000) . The coefficient of error for both of these areas was less than 0.1, which is within the acceptable range for stereological analysis. Total cell counts and area measurements were determined for each brain area, and cell density (number of cells per cubic millimeter) was calculated for each subject. Because stereological methods were employed in which a structure must be examined in its entirety, we did not differentiate between the dorsal and the ventral arms of the DG. For the VMH, stereological measurements for BrdU labeling yielded inappropriately high coefficients of error because of small numbers of BrdU-labeled cells. Therefore, profile methods of cell counting were employed in this area, and area measurements (square millimeters) were taken on each section analyzed to determine cell densities. Group differences for each region were analyzed by a two-way analysis of variance (ANOVA), using species and treatment as independent variables, followed by a StudentNewman-Keul's (SNK) posthoc test. The criterion for significance was set at P Ͻ 0.05.
ER␣-labeled cells were examined and quantified bilaterally throughout the entire rostrocaudal extent of the DG, VMH, and posterior cortical (pCorA) and posterior medial (pMeA) nuclei of the amygdala on coronal sections. Cell number and region volumes were quantified by using stereological methods. Large numbers of ER␣-labeled cells were present in the VMH, in contrast to the small number of BrdU-labeled cells in this area, allowing us to use stereological methods with an acceptable coefficient of error for the ER␣ quantification. The coefficient of error was 0.1 for all brain areas measured, except for the DG (coefficient of error mean 0.23) because of smaller cell numbers. Total cell counts and area measurements were determined for each brain area, and cell density (number of cells per cubic millimeter) was calculated for each subject. Species differences in the density of ER␣-labeled cells for each brain region were analyzed by t-test. The criterion for significance was set at P Ͻ 0.05.
For BrdU, TuJ1, and NG2 fluorescence triple immunostaining, labeled cells were examined and quantified in the pCorA and pMeA of the amygdala and in the VMH. Cells were visualized under ϫ63 magnification with a Zeiss 510NLO confocal microscope. At least 92 cells were counted in the pCorA, 119 cells in the pMeA, and 70 cells in the VMH for each species from two sections per animal. Individual cells stained for BrdU/ TuJ1, BrdU/NG2, or BrdU only were quantified. Percentages of BrdU-labeled cells containing a neuronal (TuJ1) or glial progenitor (NG2) marker were calculated, and group differences were analyzed by a two-way ANOVA. The criterion for significance was set at P Ͻ 0.05.
For BrdU and ER␣ double labeling, cells were quantified in the DG, pCorA, pMeA, and VMH by using a Zeiss 510NLO confocal microscope. At least 85 BrdUlabeled cells for the pCorA, 64 for the pMeA, 60 for the VMH, and 195 for the DG were counted for each species from two sections/animal. Percentages of BrdU-labeled cells containing ER␣ labeling were calculated. Species differences in the percentage of BrdU/ER␣ colocalized cells were analyzed by t-test for each brain region, and differences across the brain regions were analyzed by one-way ANOVA, followed by a SNK post hoc test. The criterion for significance was set at P Ͻ 0.05.
Photomicrographic images were obtained on a Leica DMRB microscope with Stereo Investigator software (Figs. 1, 3, 6 ) or a Zeiss 510NLO confocal with Zeiss software (Figs. 5, 8 ). For Figures 5 and 8 , z series were merged and y-z and x-z views were obtained with MetaMorph software. Final photomicrograph images were stored and minimally processed (only contrast and/or brightness modifications) with Adobe Photoshop.
RESULTS

Study 1
Species differences in BrdU-labeled cells. Prairie and meadow voles differed in the densities of BrdUlabeled cells in certain brain regions. For the DG, meadow voles displayed a higher density of BrdU-labeled cells than did prairie voles [F (1,20) ϭ 10.17, P Ͻ 0.01; Figs. 1A, 2A]. For the amygdala, meadow voles also had a higher density of BrdU-labeled cells than did prairie voles [F (1,20) ϭ 5.42, P Ͻ 0.05; Fig. 2B ]. This difference was due specifically to the results in the pCorA, in which meadow voles had a higher density of BrdU-labeled cells compared with prairie voles [F (1,20) ϭ 46.36, P Ͻ 0.001]. No species differences were found in the densities of BrdU-labeled cells in the aCorA, aMeA, pMeA, or CeA or in the VMH (Figs. 1B, 2B) .
Estrogen regulation of BrdU-labeled cells. In the amygdala, EB treatment elicited a higher density of BrdU-labeled cells than did control treatment [F (1,20) ϭ 6.35, P Ͻ 0.05], and a significant treatment-by-species interaction was also found [F (1,20) ϭ 13.23, P Ͻ 0.01]. The post hoc test indicated that EB treatment significantly increased the density of BrdU-labeled cells in meadow, but not prairie, voles (Figs. 3, 4B ). For the specific subnuclei of the amygdala, significant treatment-by-species interactions were also found in the pMeA [F (1,20) ϭ 10.56, P Ͻ 0.01] and pCorA [F (1,20) ϭ 37.76, P Ͻ 0.001]; the post hoc test indicated that EB treatment significantly increased the density of BrdU-labeled cells for meadow but not prairie voles in both subnuclei (Figs. 3, 4B) . No significant effects of EB treatment or treatment-by-species interaction were found on the density of BrdU-labeled cells in the aCorA, aMeA, or CeA; DG (Fig. 4A) ; or VMH.
Phenotype of the BrdU-labeled cells. BrdU-labeled cells in the pCorA, pMeA, and VMH were examined to determine phenotype. Triple-immunoreactive staining resulted in cells coexpressing BrdU labeling with either the neuronal (TuJ1) or the glial progenitor (NG2) markers (Fig. 5 ) and in cells expressing BrdU alone (BrdU only). In the pCorA and pMeA, approximately 40.5% of BrdUlabeled cells coexpressed the neuronal marker, 45.5% coexpressed the glial progenitor marker, and 14.0% were undifferentiated or of undetermined phenotype (BrdU Fig. 2 . Species differences in the densities of BrdU-labeled cells in the dentate gyrus of the hippocampus (DG) and amygdala. For the DG (A), meadow voles displayed a higher density of BrdU-labeled cells than did prairie voles. For the amygdala (AMY; B), meadow voles also had a higher density of BrdU-labeled cells than did prairie voles. This difference was due largely to meadow voles having more BrdU-labeled cells in the posterior cortical subnucleus of the amygdala (pCorA). No species differences were found in other subnuclei of the amygdala, including the anterior cortical (aCorA), anterior medial (aMeA), posterior medial (pMeA), and central (CeA) subnuclei. *P Ͻ 0.05; error bars indicate SEM. only; see Table 1 ). In the VMH, approximately 26.8% of the BrdU-labeled cells coexpressed the neuronal marker, 48.6% coexpressed the glial progenitor marker, and 24.6% were undifferentiated or of undetermined phenotype. No statistically significant species or treatment effects were found in the relative percentage of BrdU-labeled cells colocalized with either TuJ1 or NG2 in any of the measured brain regions. It was noted, however, that some of the pCorA groups displayed high variability, so group differences could be revealed if a larger number of subjects is examined.
Study 2
Species differences in the density of ER␣-labeled cells. ER␣ immunocytochemistry resulted in the specific staining of cells in the brains of intact, untreated females of both species. In prairie voles, dense clusters of ER␣-labeled cells were found in the amygdala and hypothalamus, similar to those reported previously (Cushing et al., 2004; Hnatczuk et al., 1994) , and some scattered ER␣-labeled cells were found in the DG. In meadow voles, ER␣-labeled cells were also found in these brain areas. Interesting species differences were detected, in that meadow voles displayed higher densities of ER␣-labeled cells in the pCorA (t ϭ 2.63, P Ͻ 0.05) and VMH (t ϭ 2.63, P Ͻ 0.05) than did prairie voles (Figs. 6, 7 ). Significant species differences were not found in the pMeA or DG (Fig. 7) .
Colocalization of BrdU with ER␣. Many of the BrdU-labeled cells coexpressed ER␣ in both species (Fig.  8) . Species differences were detected in the DG, with prairie voles displaying a greater percentage of BrdU/ER␣ colocalized cells than meadow voles (prairie: 79.3% Ϯ 10.9%, meadow: 43.1% Ϯ 8.6%; t ϭ 2.66, P Ͻ 0.05), but such differences were not found in the other brain regions examined (Table 2) . Across brain regions, a higher percentage of the BrdU-labeled cells contained ER␣ labeling in the pCorA (87.6% Ϯ 4.7%) than in the DG (59.6% Ϯ 8.6%) or VMH (56.2% Ϯ 7.6%), whereas the percentage in the pMeA (76.1% Ϯ 8.5%) did not differ from the percentage in any other area [F (3,37) ϭ 3.78, P Ͻ 0.05].
DISCUSSION
Vole species with differing life strategies and social behaviors provide an excellent opportunity for comparative studies. We found in the present experiments that female meadow voles had higher densities of BrdU-labeled cells in the pCorA and DG compared with female prairie voles. EB treatment significantly increased the density of BrdUlabeled cells in the pCorA and pMeA of meadow, but not prairie, voles, indicating species-and region-specific effects on adult neurogenesis. In the pCorA and pMeA, most of the BrdU-labeled cells displayed neuronal or glial progenitor phenotypes; although variability existed among groups, no statistical differences were found in the percentage of BrdU-labeled cells displaying either phenotype, indicating that EB increased the proliferation of both new neurons and glial cells. Species-specific patterns of ER␣ labeling were present; meadow voles had higher densities of ER␣-labeled cells in the pCorA and VMH than did prairie voles, and a large population of the BrdU-labeled cells in the amygdala coexpressed ER␣ labeling in both species. Together, these data indicate that estrogen differentially influences cell proliferation in a species-and region-specific manner, and some of these effects may lie in the specific localization of ERs in the adult vole brain.
Species-specific effects of estrogen on cell proliferation in the amygdala
In our previous study, male exposure and mating significantly enhanced the number of BrdU-labeled cells in the amygdala and hypothalamus of female prairie voles (Fowler et al., 2002) . Because exposure to a male or to male sensory cues results in an increase in serum estrogen and ER binding in the brain (Cohen-Parsons and Carter, 1987; Dluzen and Carter, 1979) and EB treatment enhances cell proliferation in the SVZ of female prairie voles (Smith et al., 2001) , we hypothesized that the increased cell proliferation in the amygdala and hypothalamus seen in our previous study (Fowler et al., 2002) was due to an increase in serum estrogen associated with male experience. In the present study, however, EB treatment did not increase the density of BrdU-labeled cells in the amygdala or VMH of female prairie voles, indicating that the enhanced cell proliferation found in the previous study most likely was not regulated solely by estrogen. However, it still appears that estrogen has site-specific effects on cell proliferation in the prairie vole brain: it enhances cell proliferation in the SVZ (Smith et al., 2001) but not in the amygdala and hypothalamus (present study). What factors could be responsible for the increased cell proliferation in the amygdala and hypothalamus of female prairie voles in the previous study (Fowler et al., 2002) ?
One possibility is that male-associated cues or interactions with a male (e.g., mating) were essential for the up-regulation of cell proliferation in the brain of prairie voles. The amygdala receives direct inputs from both the main and the accessory olfactory systems and projects into several forebrain areas, including the medial preoptic area, bed nucleus of the stria terminalis, and VMH (Dominguez et al., 2001; Kevetter and Winans, 1981; Lehman and Winans, 1982; Luiten et al., 1983; Meredith, 1991) , and this circuit plays an important role in mediating the effects of chemosensory inputs on behavior. In female voles, male chemosensory cues can influence estrus induction, social behavior, and ability to form a socially relevant memory (Curtis et al., 2001; Lepri and Wysocki, 1987; Williams et al., 1992b) , and mating significantly facilitates the formation of a social memory (Williams et al., 1992a) . Furthermore, it has been hypothesized that male experience is capable of reorganizing the female's brain for future experience Cushing and Hite, 1996) . Therefore, exposure to male-associated cues or interactions with a male may lead to downstream effects that could have increased cell proliferation in the amygdala and hypothalamus of the adult female prairie vole (Fowler et al., 2002) .
Another possibility is that other hormones involved during the male experience could have contributed to cell proliferation. For example, male exposure and mating increase progestin binding sites in the brain of female prairie voles (Cohen-Parsons and Carter, 1988) , allowing for a putative effect of progestin on cell proliferation. However, progestin increases 72 hours after the mating episode in female prairie voles (Carter et al., 1989) , which would have been after BrdU's incorporation into dividing cells in our previous study (Fowler et al., 2002) , and progesterone treatment did not have any significant effect on cell proliferation in the SVZ of female mice (Shingo et al., 2003) . Prolactin is also involved in reproduction, and it increases following mating for at least 48 hours in female voles (Meek and Lee, 1994) . In vitro, prolactin stimulates neural stem cell proliferation under specific culture conditions, and, in vivo, prolactin enhances new cell number in the SVZ of female and male rats, an effect that could not be induced in females with EB or progesterone treatment (Shingo et al., 2003) . Prolactin is also increased during pregnancy, so it could have accounted for the enhanced cell proliferation previously found in the amygdala and hypothalamus of female prairie voles 3 weeks after mating and impregnation (Fowler et al., 2002) . If the increased cell proliferation in the amygdala is due to prolactin, it may also indicate a feedback loop, insofar as the posterodorsal medial amygdala appears to regulate prolactin secretions following mating behaviors in female rats (Polston and Erskine, 2001) .
One drawback of the present study is that we cannot completely rule out the possibility that estrogen was involved in the cell proliferation in the amygdala of female prairie voles. The temporal pattern of naturally occurring estrogen release might have been important for enhanced cell proliferation in the amygdala. In female prairie voles, serum estrogen levels increase following male exposure, reach a peak during lordosis, and then decrease dramatically (Carter et al., 1989) . In the present study, estrogen was administrated via constant diffusion from implanted Silastic tubing. Such EB treatment does not result in a temporal pattern mimicking the naturally occurring changes of estrogen and thus might have potentially led to the lack of effect on cell proliferation in prairie voles. It should also be noted that the implanted EB pellets in the present study resulted in a level of circulating estradiol about 5-10 times higher than that following maleinduced estrus found in prior studies (Cohen-Parson and Carter, 1987; Cushing et al., 1995; Prentice and Shepard, 1978 ). Therefore, this pharmacological level of estradiol might not have the same effect on cell proliferation as the physiological level of estradiol associated with male-induced estrus. Furthermore, the time point we chose was based on the observation that male experience altered cell proliferation after 72 hours in female prairie voles (Fowler et al., 2002) . An earlier time point may be needed to detect optimally any immediate effects of estradiol on cell proliferation, in that a temporal effect of estradiol has been demonstrated in the DG of meadow voles . Finally, estrogen could also have acted synergistically with any of the above-mentioned or other factors to contribute to the enhanced cell proliferation seen in our prior study (Fowler et al., 2002) .
Although EB treatment did not alter BrdU labeling in the prairie vole brain, it significantly enhanced the density of BrdU-labeled cells in the amygdala, specifically in the pCorA and pMeA, of female meadow voles, indicating that estrogen does have species-specific effects on cell proliferation. The finding that estrogen enhances cell proliferation in the amygdala of female meadow voles is consistent with our recent finding in males of the same species . The enhanced cell proliferation was found specifically in the cortical and medial subnuclei of the amygdala in both studies, indicating that these brain regions have a similar susceptibility to estrogen in both male and female meadow voles. Another study in female meadow voles has reported that EB treatment initially enhances cell proliferation in the DG within 4 hours and then suppresses cell proliferation by 48 hours (Ormerod and Galea, 2001 ). In the present study, we examined BrdU labeling 72 hours after beginning EB treatment, so our results are consistent with the notion that estrogen's effects on cell proliferation in the adult DG may be short-lived in female meadow voles.
Species differences in ER␣ distribution
Differences between prairie and meadow voles in the estrogen regulation of cell proliferation may be due to differential abilities of their brains to respond to estrogen. One way to examine this possibility would be to compare ERs between the two species. In the current study, the presence of ER␣-labeled cells in the amygdala and hypothalamus in female prairie voles is consistent with findings from previous studies (Cushing et al., 2004; Hnatczuk et al., 1994) . In addition, ER␣-labeled cells were also present in these brain areas in female meadow voles. Meadow voles had a higher density of ER␣-labeled cells in the pCorA and VMH than did prairie voles. This may indicate an enhanced brain responsiveness to estrogen in meadow voles, which could account for the species differences in estrogen's regulation of cell proliferation. However, such a difference in ER␣ was not found in the pMeA, where EB also enhanced BrdU labeling in meadow voles. Therefore, estrogen's effects may be dependent on the specificity of ERs on certain cells; although one species may have a higher density of ERs, the receptors might not be on the appropriate cells to stimulate cell proliferation.
Potential mechanism of estrogen action
In the current study, ER␣s were present on many BrdUlabeled cells within the adult amygdala, indicating that newly proliferated cells could be estrogen responsive. To our knowledge, this is the first documentation in vivo of ER␣s on newly proliferated cells in the adult brain. In vitro, ER␣s and ER␤s have been localized on neural stem cells in embryonic and adult rats (Brannvall et al., 2002) , and estrogen has been shown to regulate the proliferation and/or survival of new neurons in the fetal rat amygdala and hypothalamus (Arimatsu and Hatanaka, 1986; Chowen et al., 1992) . Therefore, estrogen may be able to stimulate the progenitor cells into a proliferative cell cycle in the adult brain, a contention that should be investigated further. In our study, a higher percentage of BrdU and ER␣ colocalized cells was found in the pCorA compared with the other brain regions, consistent with the estrogen-induced increase in BrdU-labeled cells in this brain region for meadow voles. However, no differences in ER␣ labeling were revealed in the pMeA-an area in which EB treatment increased BrdU labeling in meadow, but not prairie, voles-and differences in BrdU/ER␣ double labeling were not found between the species in either of these brain regions. Therefore, although estrogen may differently affect the prairie and meadow vole brains, our data could not completely explain estrogen's effects on cell proliferation in specific brain regions or the species differences in BrdU labeling. Of course, it is possible that limitations lie in the specificity of our methods. For example, we could not determine the percentage of BrdU cells that, if possible, could be induced into additional proliferative cell cycles by estrogen, because some of the colabeled cells might have undergone their final cell cycle and begun to mature. It will be essential to examine, in further studies, whether estrogen is able to stimulate directly the proliferation of adult progenitors in vivo.
Alternatively, estrogen may be acting via alternate receptors. We chose to examine ER␣s because of their apparent importance in behavioral aspects of reproduction and in female receptivity and lordosis (Kudwa and Rissman, 2003; Lonstein et al., 2000; McEwen and Alves, 1999; Rissman et al., 1997) , their presence in neurogeneic regions of the adult brain (Brannvall et al., 2002; Shughrue et al., 1997; Weiland et al., 1997) , and their involvement in the induction of proliferation in epithelial cells from the mammary glands of mice (Cheng et al., 2004) . Another nuclear estrogen receptor, ER␤, is also located in similar areas of the adult brain (Shughrue and Merchenthaler, 2001) . ER␤ activation appears to influence cell migration and/or survival , neurite elongation (Patrone et al., 2000) , and cortical development and thus may play a role in the regulation of neurogenesis in adult vole brains. The currently available ER␤ antibodies display inconsistent labeling (McEwen and Alves, 1999) , and we could not achieve re- Fig. 7 . Species differences in the densities of ER␣-labeled cells. Meadow voles displayed higher densities of ER␣-labeled cells in the posterior cortical amygdala (pCorA) and ventromedial hypothalamus (VMH) than did prairie voles. Significant species differences were not found in the posterior medial amygdala (pMeA) or dentate gyrus of the hippocampus (DG). *P Ͻ 0.05; error bars indicate SEM.
liable staining with the vole tissue, a finding substantiated by another laboratory (B. Cushing, unpublished observations). Finally, estrogen could also bind to a recently identified G-protein-coupled transmembrane-bound receptor (Kelly and Wagner, 1999; Qiu et al., 2003; Singh et al., 2000; Toran-Allerand et al., 2002) , leading to effects on cell proliferation and survival in the adult brain.
It is also possible that estrogen acted through other neurotransmitter systems to influence adult cell proliferation. For example, in the adult rat, serotonin and insulinlike growth factor-1 (IGF-1) can regulate cell proliferation in the DG (Aberg et al., 2000; Banasr et al., 2001) , and estrogen increases serotonin receptor mRNA and IGF-1 mRNA expression in the brain (Shingo and Kito, 2003; Zhou et al., 2002) . Estrogen may also interact with the IGF-1 receptor to affect its phosphorylation (Mendez et al., 2003) . Furthermore, astrocytes contain steroid hormone receptors (Finley and Kritzer, 1999) , secrete neurotrophic factors such as brain-derived neurotrophic factor (BDNF; Ikeda et al., 2001) , and can induce cell proliferation in vitro (Lim and Alvarez-Buylla, 1999; Song et al., 2002) . Given that EB treatment affected cell proliferation in the amygdala differentially between prairie and meadow voles but that no species differences were found in the colocalization of BrdU and ER␣ labeling, EB may act through a neurotransmitter-mediated mechanism to regulate cell proliferation. For instance, BDNF enhances cell proliferation and survival Zigova et al., 1998) and differs in distribution throughout the brain between monogamous and promiscuous vole species (Liu et al., 2001b) , so it may play an important role in mediating the species-specific effects of estrogen on adult neurogenesis. This speculation should be tested in further studies.
